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Abstract. To meet the global food demand in the coming decades, crop yields per unit area must increase. This can only
be achieved by a further intensiﬁcation of existing cropping systems and will require even higher inputs of N fertilisers,
which may result in increased losses of nitrous oxide (N2O) from cropped soils. Enhanced efﬁciency fertilisers (EEFs) have
been promoted as a potential strategy to mitigate N2O emissions and improve nitrogen use efﬁciency (NUE) in cereal
cropping systems. However, only limited data are currently available on the use of different EEF products in sub-tropical
cereal systems. A ﬁeld experiment was conducted to investigate the effect of three different EEFs on N2O emissions, NUE
and yield in a sub-tropical summer cereal cropping system in Australia. Over an entire year soil N2O ﬂuxes were monitored
continuously (3 h sampling frequency) with a fully-automated measuring system. The experimental site was fertilised with
different nitrogen (N) fertilisers applied at 170 kgN ha–1, namely conventional urea (Urea), urea with the nitriﬁcation
inhibitor 3,4-dimethylpyrazole phosphate (DMPP), polymer-coated urea (PCU), and urea with the nitriﬁcation inhibitor
nitrapyrin (Nitrapyrin). Nitrous oxide emissions were highly episodic andmainly controlled by heavy rainfall events within
two months of planting and fertiliser N application. Annual N2O emissions in the four treatments amounted to 2.31, 0.40,
0.69 and 1.58 kgN2O-N ha
–1 year–1 for Urea, DMPP, PCU and Nitrapyrin treatments, respectively, while unfertilised plots
produced an average of 0.16 kgN2O-N ha
–1 year–1. Two of the tested products (DMPP and PCU) were found to be highly
effective, decreasing annual N2O losses by 83% and 70%, respectively, but did not affect yield or NUE. This study shows
that EEFs have a high potential to decrease N2O emissions from sub-tropical cereal cropping systems. More research is
needed to assess if the increased costs of EEFs can be compensated by lower fertiliser application rates and/or yield
increases.
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Introduction
Nitrogen (N) fertiliser is a key input to achieve global food
security and has made a crucial contribution to increasing food
production over the past 50 years. Today the yield increases
obtained from N fertilisers are responsible for feeding almost
half of the world’s population (Erisman et al. 2008). Cereal
production systems provide more than 60% of human dietary
calories and account for the majority of global fertiliser N
consumption (Heffer 2013). By 2050 it is estimated that the
world’s population will reach 9–10 billion (UNFPA 2011) and
cereal demand is predicted to double (Ladha et al. 2005). Since
little new land is available for crop production, crop yields per
unit area must increase to meet the global food demand. This can
only be achieved by intensiﬁcation of existing cropping systems
and will require even higher inputs of fertiliser N into these
systems. However, a large proportion of this N is currently lost to
the environment (Mosier et al. 2004), causing environmental
pollution and increases in greenhouse gas (GHG) emissions,
especially nitrous oxide (N2O). Nitrous oxide is a potent GHG
with a global warming potential of nearly 300 times that of
carbon dioxide (CO2) and is also the primary contributor to
stratospheric ozone depletion (Ravishankara et al. 2009). It is
estimated that agricultural activities are responsible for ~70%
of all anthropogenic N2O emissions, to which increased
fertiliser and manure N inputs have a large contribution
(Davidson 2009).
Sustaining yield increases on the same area of land while
reducing the environmental impact is a major challenge and
requires signiﬁcantly improved N use efﬁciency (NUE) in global
cropping systems. To achieve this a broad range of technological
innovations need to be pursued simultaneously. One effective
option could be the use of enhanced efﬁciency fertilisers (EEFs)
for their potential to improve fertiliser NUE and decrease N2O
emissions.
Enhanced efﬁciency fertilisers are deﬁned as fertiliser
products with characteristics that allow increased plant uptake
and reduce the potential of nutrient losses to the environment
(e.g. gaseous losses, leaching or runoff) when compared with an
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appropriate reference product (AAPFCO 2013). Enhanced
efﬁciency fertilisers control the rate of N release or N
availability from the fertiliser via the addition of nitriﬁcation
and/or urease inhibitors, or through coating and chemical
modiﬁcation. Several studies have shown that the use of EEFs
can potentially increase crop NUE, decrease N leaching, and
mitigate N2O emissions from cropping soils (Abalos et al. 2014;
Halvorson et al. 2014). In a recent meta-analysis Akiyama et al.
(2010) showed that EEFs containing nitriﬁcation inhibitors
(NIs) and polymer-coated fertilisers (PCFs) signiﬁcantly
decreased N2O emissions by 38% and 35%, respectively;
whereas urease inhibitors (UIs) were not effective in decreasing
N2O. The combined effect of EEFs on N2O emissions and crop
production has been shown to strongly depend on site-speciﬁc
conditions, such as soil texture and climate, and a signiﬁcant
decrease in the effectiveness of NIs at increased soil
temperatures has been reported (Irigoyen et al. 2003; Merino
et al. 2005).
However, most data on the effect of EEFs on N2O emissions
and productivity in cereal systems refer to temperate regions or
laboratory experiments and the efﬁcacy of many EEFs in sub-
tropical environments remains unknown. In Australia, two
studies investigated the effect of the NI 3,4-dimethylpyrazole
phosphate (DMPP) on N2O emissions in sub-tropical cropping
systems (De Antoni Migliorati et al. 2014; Scheer et al. 2014).
These studies showed that DMPP has the potential to
substantially decrease N2O emissions but no data is available on
the effect of other NIs or PCFs under sub-tropical conditions in
Australia. Such data is urgently needed to identify management
strategies that maximise the efﬁcient use of fertiliser N while
minimising environmental impacts in Australian cropping
systems.
The aims of this study were to investigate the effect of
EEF products with different modes of action (controlled
release versus nitriﬁcation inhibition) on soil N2O emissions
and fertiliser NUE in a grain cropping system in sub-tropical
Queensland, Australia. Nitrous oxide emissions were monitored
using a fully-automated high frequency (3 h sampling frequency)
GHGmeasuring system deployed for a full calendar year, during
which a summer cereal (sorghum) crop was followed by a winter
cover crop (barley). In this ﬁeld study we investigated the
hypotheses:
(1) N2O emissions from a sub-tropical cereal cropping system
can be decreased by the use of EEFs; and
(2) The use of EEFs will increase the NUE in this sub-tropical
cereal cropping system.
Material and methods
Study site
The ﬁeld experiment was conducted over one full year from
25 November 2012 to 24 November 2013 at the Kingsthorpe
Research Station, 20 km west of Toowoomba, Queensland. The
station is located in the Darling Downs region ~140 km west of
Brisbane (278310S, 1518470E, 431m above mean sea level). The
region has a sub-tropical climate (classiﬁed as Cfa, according to
Köppen climate classiﬁcation) with warm, humid summers and
mild winters. Daily mean minimum and maximum temperatures
are 16.38C and 27.28C, respectively in the summer, and 5.98C
and 17.08C, respectively in winter. Mean annual precipitation is
630mm (1990–2010) (Commonwealth Bureau of Meteorology;
http://www.bom.gov.au/climate), and most of the rainfall occurs
between October and March, during the summer crop growing
season.
The soil at the site is surveyed as a Craigmore (Powell et al.
1988), which classiﬁes as a haplic, self-mulching, black Vertosol
(Isbell 2002). It has a heavy clay texture (76% clay) in the 1.5m
root zone proﬁle, with a distinct change in soil colour from
brownish black (10YR22) in the top 90 cm to dark brown
(7.5YR33) deeper in the proﬁle. The soil is formed in a
colluvial fan of basalt rock origin, is slowly permeable, and
the experimental site had a surface slope of ~0.5%. Soil samples
to 120 cm were collected using the depth increments shown in
Table 1. Chemical methods for soil analysis refer to those
described in Rayment and Lyons (2011).
Experimental design
The experiment was conducted to compare the standard N
fertiliser urea against three EEF treatments with three
replications arranged in a completely randomised block design.
Each experimental plot was 3.0m wide (4 0.76m crop
rows) 10m in length, with the crop planted in the north–south
orientation. A 1.52 m-wide buffer zone (2 0.76m crop rows)
was planted between plots. During the experiment the site was
cropped to grain sorghum (Sorghum bicolour L. Paciﬁc Seeds
MR Taurus) with sowing on 25 November 2012 and grain
harvest on 06 May 2013. Sowing rate was 60 000 seeds per
hectare. Before the experimental phase, the site was prepared by
cover cropping with barley (Hordeum vulgare L.) to decrease
the soil mineral N proﬁle. The crop was sprayed out with
glyphosate and stubble left intact into which the experimental
sorghum crop was direct drilled. Following this, a barley
(Hordeum vulgare L.) cover crop was grown from June to
November 2013.
Table 1. Key chemical properties for proﬁle soil layers of the experimental site at the Kingsthorpe Research Station, Queensland, Australia
TC, Total carbon; TN, total nitrogen; Col P, Colwell phosphorus; ECEC, effective cation exchange capacity
Exchangeable cations
Depth
(cm)
pH
(CaCl2)
TC
(%)
TN
(mgkg–1)
Col P
(mg kg–1)
Ca
(cmol kg–1)
Mg
(cmol kg–1)
Na
(cmol kg–1)
K
(cmol kg–1)
ECEC
(cmol kg–1)
Method 4B2 6B2a 7A5 9B2 15D3
0–30 7.1 1.65 1150 27 29.3 26.2 0.59 2.19 58.2
0–60 21 29.7 26.6 0.56 2.22 59.1
60–90 – 25.6 25.2 0.66 3.95 55.4
90–120 – 23.6 24.2 0.78 5.41 54.0
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Four fertiliser treatments were compared with an untreated
control (0N). Treatments were as follows:
(1) Zero nitrogen fertiliser (0N) – i.e. no added fertiliser
(2) Urea
(3) Urea +DMPP – urea-coated with DMPP nitriﬁcation
inhibitor, commercially available as Entec® (Incitec Pivot
fertiliser, Australia)
(4) PCU – polymer-coated urea prills (CoteN four month
release, Haifa-group)
(5) Urea +Nitrapyrin – urea with the nitriﬁcation inhibitor
nitrapyrin, commercially available as eNtrench (Dow
Chemical Co., Australia) injected in solution onto the
urea band before closing the fertiliser trench. The product
was applied at 2.5 L ha–1 in a 5% solution (i.e.
50 L solution ha–1).
Fertiliser application rate was 170 kgN ha–1 and the fertilisers
were band applied at planting beside the crop row.
Continuous N2O ﬂux measurement
Nitrous oxide ﬂuxes were measured over an entire year from
25 November 2012 to 24 November 2013. Measurements
were taken from every plot using a fully-automated
measuring system similar to the one described in Scheer
et al. (2014). Brieﬂy, the system consisted of 12 acrylic static
chambers (50 cm 50 cm 15 cm) that were equipped with
pneumatically operated lids and ﬁxed on stainless steel bases
inserted 10 cm into the soil. The chambers were positioned next
to the plant rows to account for N2O emissions from a localised
source (banded fertiliser) and background emissions from
residual soil N. Adapting the methodology described by De
Antoni Migliorati et al. (2015), for each treatment two of the
three replicate chambers were positioned over the fertiliser band
and the third one in the inter-band. The 12 chambers allowed
for the direct measurement of N2O ﬂuxes in the four fertilised
treatments. Cumulative N2O emissions from the unfertilised
control treatment (0N) were derived from the results of the
chambers positioned in the unfertilised inter-band.
The chambers were linked to a fully-automated system
comprised of a computerised sampling unit and an in situ gas
chromatograph (SRI GC 8610C) equipped with a 63Ni electron
capture detector (ECD) for N2O concentration analysis. Sample
gas measurements were calibrated automatically by a single-
point calibration using a certiﬁed gas standard of 0.5 ppm
N2O. During the measuring season a multi-point calibration
was performed using certiﬁed gas standards of 500, 980, 5030
ppb N2O (BOC; Munich, Germany) and the GC response over
this range was determined to be linear. The detection limit of the
system was ~1.0mgN2O-Nm–2 h–1 and sample dilution via
leakage was considered negligible.
Flux calculations
Fluxes of N2O from the automated chambers were calculated
from the slope of the linear increase or decrease over the four
concentrations measured during the closure time, as described in
detail in Scheer et al. (2014). The coefﬁcient of determination
was used to quality check the ﬂux measurements. Fluxes
above the detection limit were discarded if the regression
coefﬁcient (r2) was <0.80. Mean daily ﬂuxes were calculated
using weighted averages of hourly data from the three replicates.
For each treatment, ﬂuxes from the two chambers over the
fertiliser band (covering 50 cm of the crop inter-row) were
averaged together and then weighted with the ﬂuxes measured
by thechamber in the inter-band(covering26 cmof the inter-row).
With this method it was possible to accurately calculate the
average N2O emissions of each treatment, accounting for
the spatial variability occurring between two crop rows
(76 cm). Daily ﬂuxes were calculated by averaging sub-daily
measurements over the 24 h period (midnight to midnight). To
calculate seasonal cumulative ﬂuxes, calculated daily ﬂuxes
were summed according to the measurement period. Gaps in the
dataset were ﬁlled by linear interpolation across missing days.
Emission factors of the N fertiliser applied to the soil were
calculated using the following equation:
EF ¼ N2O-NðtreatmentÞ  N2O-Nð0NÞ
Total N applied
 100%
where EF is the emission factor (percentage of the total
fertiliser N applied that was emitted as N2O-N); N2O-N is the
total N2O over one year (kgN ha
–1 year–1) for each treatment;
total N applied is the amount of N fertiliser applied
(kgN ha–1 year–1).
Auxiliary measurements
Soil temperature (at a depth of 10 cm) and chamber temperature
were measured every minute in conjunction with the automatic
sampling system using a PT100 probe (Temperature Controls
Pty, Australia). An electronic weather station was installed at the
experimental site to measure local weather variables. The station
recorded daily values of air temperature (maximum, minimum,
and average), relative humidity, wind speed, and rainfall. Soil
moisture was measured from 0–5 cm continuously in one plot
per treatment using a MP406 standing wave soil moisture probe
(ICT International Pty Ltd, Armidale, NSW, Australia) that was
calibrated for the soil type at the research site.
The mineral N content of the surface soil (0–10 cm) was
measured immediately before planting and at selected dates
over the experiment. At each sampling date, four samples
were taken randomly from each replicate plot with a soil
auger and combined to a bulk sample, resulting in three
replicate samples per treatment. To assess the mineral N
dynamics in the fertiliser band versus off-the-band, separate
samples were taken from the banded fertiliser area and from the
unfertilised inter-band area at one sampling occasion (18
January 2013). The ammonium (NH4
+) and nitrate (NO3
–)
were extracted from the soil samples by adding 100mL of
1M KCl to 20 g of soil and shaking for 1 h. The solution was
ﬁltered and stored frozen until analysed colourimetrically for
NH4-N and NO3-N using an AQ2+ discrete analyser (SEAL
Analytical WI, USA).
At physiological maturity, two crop rows of one metre were
sampled, dried and weighed. Grain yield was measured in each
plot by machine harvesting two crop rows for the plot length
(10m). Above ground biomass samples were ground and
analysed for total N content using the Dumas combustion
method by a TruMac Series Macro Determinator (LECO
Corporation, St Joseph, MI, USA).
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Statistical analysis
Statistical analysis was undertaken using SPSS 16.0 (SPSS
Inc., USA). Analysis of variance (ANOVA) was performed
to determine whether the fertiliser product had a signiﬁcant
inﬂuence on N2O emissions and crop yields. The Bonferroni
post hoc test was used to compare cumulative N2O emissions,
grain yields and total N uptake across treatments.
Results
Seasonal variability of environmental and soil conditions
Over the 2012–13 cropping cycle a total of 532mm of rainfall
was recorded at the study site including two heavy events
where weekly rainfall exceeded 100mm in late January and
early March 2013. The highest daily rainfall occurred in the
January event where 65mm fell on 27 January 2013. The rainfall
at the site was slightly lower than the long-term mean annual
rainfall (630mm) although good summer crop rainfall was
received from sowing in late November 2012 through to
early March 2013. Maximum hourly air temperature (41.58C)
was recorded in December 2012, while minimum hourly air
temperature (–4.78C) was recorded in August 2013. Hourly soil
temperatures (10 cm) ranged from 11.48C to 29.48C with the
lowest soil temperatures during July–August and the highest
during November–December (Fig. 1). Volumetric soil moisture
(VSM) content of the upper soil (0–5 cm) varied over the season
in response to rainfall. Due to frequent rainfall over the sorghum
growing phase and the high water holding capacity of the clay,
soil moisture levels stayed relatively high with VSM ranging
from 23% to 54% (Fig. 1). The highest values (54% VSM) were
observed after the high rainfall events in late January and early
March. The lowest values were recorded at the end of the
observation period (12% VSM) in late October 2013.
Soil mineral N dynamics were signiﬁcantly affected by the
fertiliser treatments over the sorghum growing period, while
there was no signiﬁcant difference over the post-harvest fallow
and the barley cover crop period (data not shown). Mineral N
dynamics were signiﬁcantly elevated in the fertiliser band, while
there was no signiﬁcant difference between the inter-band
sampling and the unfertilised control. Fifty days after fertiliser
application, NH4
+ concentrations in the fertiliser band were
signiﬁcantly higher in the DMPP treatment compared with the
Urea treatment, while there was no signiﬁcant effect of fertiliser
product on NO3
– concentrations (Fig. 2).
N2O emissions and emission factors
The majority of N2O ﬂuxes occurred in the ﬁrst two months
of the sorghum growing period while N2O emissions over the
post-harvest fallow and the barley cover crop period were
negligible (Fig. 3). There were small emission pulses in
response to rainfall events in December and early January but
a heavy rainfall event in late January (106mm over six days
with 65mm during a single event), triggered an extremely high
emission pulse with peak ﬂuxes in the Urea treatment reaching
600 gN2O-N ha
–1 day–1. This emission pulse lasted seven
days and was responsible for 32% to 79% of the total annual
emissions across all treatments. A heavy rainfall event in early
March (99mm over seven days with 43mm during a single
event) only resulted in minor N2O emissions in the PCU and
Urea treatments.
Relative to Urea, all EEF products reduced the intensity of
emission peaks in the early season events. However, while
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Fig. 1. (a) Maximum andminimum hourly air temperature, and daily mean soil temperature (0–10 cm),
and (b) daily precipitation and volumetric soil moisture content (0–5 cm) and drained upper limit (DUL)
of the Vertosol over the experimental period at the Kingsthorpe Research Station, Australia (11
November 2012 to 15 November 2013).
D Soil Research C. Scheer et al.
0N DMPP Nitrapyrin PCU Urea 0N DMPP Nitrapyrin PCU Urea
0
20
40
60
80
100
120
Fertiliser band Inter-band
N
O
3–
-
N
 (k
g h
a–
1 )
N
H
4+
-
N
 (k
g h
a–
1 )
0
20
40
60
80
100
120
a a a
a a
a a a
a a
c
b b
ab
ab
b
ab
b
(a) (b)
Fig. 2. Soil (a) ammonium and (b) nitrate contents (0–10 cm) for the different treatments in the fertiliser band and the inter-band
position ﬁfty days after fertiliser application (18 January 2013). Values represent means (standard errors) of three replicates. Bars
with the same letter are not signiﬁcantly different (P< 0.05).
0
20
40
60
80
200
400
600
Nitrapyrin
0
20
40
60
80
200
400
600
PCU
N
2O
-N
 g
 h
a–
1  
da
y–
1
0
20
40
60
80
200
400
600
DMPP
0
20
40
60
80
200
400
600
Urea 
Sorghum Fallow Barley
Nov. Dec. Jan. Mar. Apr. May June July Aug. Sep. Oct. Nov. Dec.Feb.
Fig. 3. N2O ﬂuxes on for the different fertiliser treatments over the experimental period at the
Kingsthorpe Research Station, Australia (11 November 2012 to 15 November 2013). Arrows
indicate the time of fertiliser application.
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DMPP and PCF decreased peak emissions by as much as a factor
of 10 in the late January event, there was no signiﬁcant effect of
the Nitrapyrin on N2O emissions compared with Urea.
Cumulative N2O emissions were estimated to be 2.31 0.16,
0.40 0.02, 0.69 0.24 and 1.58 0.74 kgN2O-N ha–1 year–1
for Urea, DMPP, PCU and Nitrapyrin, respectively, while from
the unfertilised plots an average of 0.16 0.03 kgN2O-
N ha–1 year–1 was emitted (Table 2). The use of DMPP or
PCU fertiliser signiﬁcantly decreased annual emissions by 1.91
and 1.62 kgN2O-N ha
–1 year–1, respectively (equivalent to an
83% and 70% reduction compared with the Urea treatment).
There was no signiﬁcant effect of Nitrapyrin on annual N2O
emissions compared with the Urea treatment. Corresponding N
fertiliser-induced annual N2O emission factors (EFs) found in
the present study were 1.27%, 0.14%, 0.31% and 0.83% for
Urea, DMPP, PCU and Nitrapyrin, respectively (Table 2).
Grain yield, N uptake and emissions intensity
The site was extremely responsive to N fertiliser application,
with yields increasing from 2.0 0.15 t ha–1 without fertiliser N
to >6 t ha–1 with the various N fertilisers (Table 2). The highest
recorded yield was 6.7 0.59 t ha–1 in the DMPP treatment, but
there were no statistically signiﬁcant differences in crop yields
between fertiliser products. Total N uptake increased from
46 8.1 kgN ha–1 with 0N fertiliser applied to a range of
134–167 kgN ha–1 with the different fertiliser treatments. The
effect of EEFs on NUE was evaluated using the apparent N
recovery calculated by subtracting the N yields of the 0N plots
from that of the fertilised plots and expressed as a percentage
of the total fertiliser N applied (Henzell 1971). The apparent
fertiliser N recovery in crop biomass was 57 6%, 69 14%,
55 9%, and 49 14% for the Urea, DMPP, PCU and
Nitrapyrin treatments, respectively. DMPP signiﬁcantly
increased total N uptake and fertiliser N recovery compared
with the Nitrapyrin treatment.
Discussion
Temporal variability of N2O emissions
Nitrous oxide emissions in this sub-tropical cereal cropping
system were highly episodic and mainly in response to heavy
rainfall events within two months after planting and fertiliser N
application when soil mineral N content was still high (Fig. 3).
This is in good agreement with results from studies in other
sub-tropical cereal systems in Australia (De Antoni Migliorati
et al. 2014; Jamali et al. 2015; Schwenke et al. 2015; De Antoni
Migliorati et al. 2016) where emission pulses were generally
observed after heavy rainfall or irrigation. These emission
pulses are typically triggered by the combination of high soil
moisture, high availability of NO3
–-N following fertilisation and
high soil temperatures. Previous studies have shown that the
amount of rainfall or irrigation affects the magnitude of N2O
losses and that events greater than 50–60mm are typically
required to trigger such pulses (Jamali et al. 2015; Scheer
et al. 2012). In this study several smaller rainfall events (up
to 36mm) in December and early January stimulated N2O
emissions (up to 46 gN2O-N ha
–1 day–1), but those emissions
were dwarfed by the ﬂuxes recorded with the heavy rainfall
event that occurred in late January, when 106mm fell over
six days and the upper soil stayed near saturation for almost
10 days (Fig. 1). Heavy rainfall that occurred later in the
growing season (99mm over seven days in early March) did
not generate high N2O emissions, demonstrating that most of
the applied N was either in plant or microbial biomass, deeper in
the soil proﬁle and less vulnerable to denitriﬁcation, or was
already lost to the environment. This highlights the importance
of the early stage of the summer growing season for N2O
mitigation in this particular cropping system. Mitigation
methodologies need to target this emission window, when
conditions are highly conducive for elevated N2O losses
following heavy rainfall events.
Effect of EEFs on N2O emissions and plant production
Enhanced efﬁciency fertiliser technology has been promoted
as a strategy to decrease N2O emissions, total denitriﬁcation
losses and N leaching by avoiding high concentrations of
NO3
–-N in the soil proﬁle. Our hypothesis that N2O emissions
from a sub-tropical cereal cropping system can be decreased by
the use of EEFs was conﬁrmed for DMPP and PCU fertiliser,
while Nitrapyrin resulted in a much lower, but not statistically
signiﬁcant, decrease in N2O emissions. These results are
consistent with those reported by De Antoni Migliorati et al.
(2016) who reported a 60% decrease in N2O emissions by the
use of DMPP-coated urea from a sub-tropical cereal crop
(sorghum) grown on a Vertisol and an Oxisol. In soils N2O is
produced during nitriﬁcation and denitriﬁcation. Nitriﬁcation
inhibitors block the enzyme ammonia mono-oxygenase
which catalyses the ﬁrst step of nitriﬁcation, i.e. the oxidation
of ammonium (NH4
+) to nitrite (NO2
–) (Zerulla et al. 2001). This
inhibition delays soil microbial nitriﬁcation, resulting in
lower soil NO3
– levels and consequently decreasing potential
denitriﬁcation losses. PCU slows the release of fertiliser
through coating of the fertiliser granule and is designed to
release more N later in crop growth as the N demand increases,
Table 2. Annual N2O ﬂuxes, emission factors, grain yield and N2O emissions intensity (kgN2O-N t
–1 grain yield) for the
different fertiliser treatments at the Kingsthorpe Research Station, Queensland, Australia
Means followed by a different letter indicate signiﬁcant differences between the treatments (P< 0.05)
Treatment N2O emission
(kgN2O-Nha
–1)
Emission Factor
(%)
Grain yield
(t ha–1)
Total N uptake
(kg ha–1)
Emissions intensity
(kgN2O-N t
–1 yield)
Urea 2.31 ± 0.16a 1.27 6.2 ± 0.52a 144± 3.1ab 0.37
DMPP 0.40 ± 0.02b 0.14 6.7 ± 0.59a 167± 13.6a 0.06
PCU 0.69 ± 0.24bc 0.31 6.2 ± 0.38a 140± 9.3ab 0.11
Nitrapyrin 1.58 ± 0.74ac 0.83 6.1 ± 0.06a 134 ± 16.5b 0.26
0N 0.16 ± 0.03d -– 2.0 ± 0.15b 46 ± 8.1c 0.08
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thus decreasing the quantity of soil N available for nitriﬁcation
and denitriﬁcation processes and therefore N2O formation
(Halvorson et al. 2014). In this study, fertiliser N at planting
was applied well in advance of maximum crop demand. The
combination of wide crop row spacing and relatively high
fertiliser N rates resulted in high in-band concentrations of
mineral N which, with conventional fertilisers, were rapidly
nitriﬁed into NO3
–-N (Fig. 2). These localised bands of high
NO3
–-N concentration were situated in the relatively carbon-
rich top soil layers where microbial activity is most pronounced,
and so are especially vulnerable to denitriﬁcation from high
intensity rainfall events early in the crop growing season. This
explains the extremely high N2O emissions observed in the
Urea treatment in late January 2013. Both DMPP and PCU
were very efﬁcient at inhibiting the conversion of urea into
NO3
–-N, thus avoiding high in-band concentrations of NO3
–-N
and substantially decreasing the denitriﬁcation potential. These
results also show that DMPP and PCU fertiliser products
continued to be effective until early February 2013. This was
unexpected for the DMPP treatment since the period of time
during which DMPP is effective strongly depends on soil
temperature, and it has been shown that at 208C this effect
lasts ~7 weeks (Zerulla et al. 2001). In the current study, with
an average soil temperature of 258C, there was still an effect of
DMPP nine weeks after the last application. Overall, these
ﬁndings indicate that DMPP and PCU fertiliser products have
substantial scope to abate N2O emissions that occur in the ﬁrst
6–8 weeks after fertiliser application and/or planting, before
the plant can accumulate the fertiliser N in crop biomass. This
is particularly important in summer-dominated cropping systems
where large rainfall events can occur.
The second hypothesis, that EEFs will increase the NUE,
cannot be conﬁrmed from this study. The highest N uptake
and apparent N fertiliser recovery was observed in the DMPP
treatment, but this was not signiﬁcantly different to the
conventional urea treatment and there were no differences in
crop yields between fertiliser products. This was unexpected,
given the substantial decrease in N2O emissions, but is most
likely explained by the high fertiliser N application rates used in
this product comparison. There was surplus N to meet crop
demands in all treatments and hence there was no signiﬁcant
scope for the EEF products to increase NUE or increase crop
yield. As shown by Lester et al. (2016), DMPP might have the
greatest scope to increase NUE under high-intensity cropping
when high rates of N fertiliser are necessary to meet crop
demand. Future EEF studies should involve a range of N rates
to identify if decreased N rates can be used with EEF products to
achieve the target yield.
N2O emission factors and N2O intensities
Nitrous oxide emission factors ranged from 0.14 to 1.27% of
total fertiliser N applied for the different fertiliser products. The
value for the conventional urea treatment (1.27%) is at the upper
level of emission factors reported for other sub-tropical cereal
production systems in Australia, which may be related to the
substantial in-crop rainfall early in the season. De Antoni
Migliorati et al. (2014) reported emission factors of 0.69%
for a wheat–maize crop rotation fertilised with urea, while
Schwenke et al. (2015) reported 0.48% to 0.78% from a
canola–chickpea rotation. It is also signiﬁcantly higher than
the current type I emission factor for all non-irrigated
N-fertilised crops in Australia (0.3%) (DCCEE 2010). The
signiﬁcantly lower emission factors in the DMPP and PCU
treatments reﬂect the efﬁcacy of these products in mitigating
N2O emissions. The annual emission factor of 0.14% measured
in the DMPP treatment represents one of the lowest annual
emission factors reported from fertilised sub-tropical cereal
systems. Wang et al. (2011) reported emission factors
ranging from 0.39% to 1.78% in a sub-tropical cereal crop in
Australia, while Zhou et al. (2014) reported 0.39% to 0.72%
from a sub-tropical wheat–maize rotation in China. This
signiﬁcant decrease of emission factors in the EEF treatments
highlights the potential for decreased emission factors for these
products. The efﬁcacy of different EEF products in maximising
crop yield and decreasing N2O losses was assessed through the
emissions intensity, deﬁned as the ratio of N2O emitted in
relation to the grain produced. The use of EEF decreased the
emissions intensity in all treatments. DMPP had the lowest
emissions intensity (0.06 kg N2O-N emitted per t grain yield)
of all treatments, producing a 6-fold reduction in the emissions
intensity compared with the Urea treatment. These ﬁndings
are similar to other studies that tested the effect of DMPP
fertilisers in sub-tropical cereal systems (De Antoni Migliorati
et al. 2014, 2016), and indicate that the use of EEFs is a feasible
strategy to decrease N2O emissions whilst sustaining high
crop yields. The use of EEFs (DMPP and PCU) can therefore
be recommended in sub-tropical cereal systems. However, more
research is required to assess the effect of EEFs on other N loss
pathways, namely N2 losses from denitriﬁcation and ammonia
volatilisation, and ﬁeld studies are required to optimise N rates
and timing for different EEF products. Further research is also
needed to assess if the increased costs of using EEFs can be
compensated by decreased fertiliser application rates and yield
increases.
Conclusion
Automated high frequency measurements were conducted over
a full year to study the effect of three different EEFs on N2O
emissions, NUE and yield in a sub-tropical cereal cropping
system in Australia. Nitrous oxide emissions were highly
episodic and controlled mainly by heavy rainfall events
occurring up to two months after planting and fertiliser N
application. Two of the tested products (DMPP and PCU)
were found to be highly effective, decreasing annual N2O
losses by 83% and 70%, respectively, but did not affect yield
or NUE. This study shows that N2O emissions from a sub-
tropical cropping system fertilised with conventional urea can
be high if heavy rainfall events occur early in the season. EEFs
offer a substantial potential to abate N2O emissions but need to
be tested for their efﬁcacy in different cropping systems. The
application of DMPP and PCU fertiliser products for summer
grain crops in sub-tropical Australia can be recommended, while
Nitrapyrin did not show any signiﬁcant effect on N2O emissions.
Despite the large decrease in N2O emissions, there was no real
evidence of improved NUE or grain yields in the DMPP and
PCU treatments. Further research is needed to quantify total
Effect of EEFs on nitrous oxide emissions Soil Research G
fertiliser N losses from EEFs and to identify if lower N rates
could be used with these EEF products to achieve the target
yield. Such data is needed to evaluate if the increased costs of
EEF products can be compensated by lower fertiliser application
rates.
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